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Abstract 
Mangrove forests provide critical ecosystem services, including coastline sta-
bilization, habitats for marine life, and carbon storage. However, climate 
change introduces extreme temperatures and precipitation shifts that threaten 
their survival. The ability of mangroves to regulate their water use efficiently 
through plasticity in their hydraulic strategies will determine their resilience 
and capacity for range expansion. On the Texas coast, the northernmost range 
of the black mangrove Avicennia germinans, we investigated the short-term 
physiological responses to environmental fluctuations across the 2024 grow-
ing season, comparing juvenile mangroves that survived winter storm Uri in 
2021 and saplings that established after the freeze event. From late spring to 
early fall, we measured leaf water potential, transpiration, carbon assimilation, 
and stomatal conductance and analyzed their relationships with temperature, 
vapor pressure deficit (VPD), photosynthetically active radiation (PAR), and 
salinity. We found that water use efficiency (WUE) was positively associated 
with variability in VPD at low VPD stress. A. germinans optimized carbon 
uptake while minimizing water loss during relatively higher VPD months 
through strategic regulation of stomatal conductance. Age class/disturbance 
history played only a small role in the mangroves’ hydraulic responses to en-
vironmental stress. No significant WUE differences were observed between 
saplings and juveniles, suggesting consistent resilience across age classes and 
disturbance history. These findings indicate that A. germinans can maintain 
physiological stability under fluctuating conditions, supporting their long-
term survival in a warming climate. Their ability to recover after extreme 
events, such winter storm Uri, underscores the potential for continued range 
expansion and mangrove ecosystem persistence in the Gulf of Mexico. 
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1. Introduction 
1.1. Background 

Mangroves forests have historically been found in tropical and subtropical cli-
mates. However, in recent decades with rising average temperatures and milder 
winters associated with climate change, mangroves have gradually extended their 
ranges poleward into temperate latitudes [1] [2]. The black mangrove, Avicennia 
germinans, for example, has been expanding its range in the Gulf of Mexico ex-
tending as far north as the coasts of Texas, Louisiana, and Florida [3].  

Mangroves in higher latitudes are faced with a variety of biotic and abiotic fac-
tors that limit their establishment, productivity, and resilience. Some of these fac-
tors include the rate of propagule dispersal and predation [4] and deep freeze 
events where air temperatures reach −6.3˚C to −7.6˚C or below [4] [5]. The Gulf 
of Mexico experiences a freeze regime that has historically been a major limiting 
factor in mangrove range expansion and has contributed to range contraction as 
freezes induce mass die-off events [6] [5]. One such event was caused by winter 
storm Uri in 2021 where air temperatures as low as −23˚C resulted in a mass die-
off of A. germinans off the coast of Texas where we conducted our field study [7].  

As mangroves attempt to establish further into the temperate zone, they must 
also adapt to the seasonal variations in temperature, humidity, and sunlight. This 
is in contrast with the tropics which experience variation in precipitation while 
maintaining consistently high temperatures, humidity, and sunlight levels year-
round. Mangroves are known to be resilient in response to salinity, water pollu-
tion, and tidal undulation [8]-[10]. Their continued expansion, establishment, 
and population recovery after die-off events will depend in part on their ability to 
adapt their water regulation and stress response strategies to keep pace with the 
increased seasonal environmental variation and endure extreme weather events 
exacerbated by climate change (i.e. freezes, droughts). 

1.2. Motivation 

The purpose of this study was to increase our understanding of the plasticity of 
the hydraulic traits of black mangroves (Avicennia germinans) near Port Aransas, 
Texas to understand the resilience of the black mangrove forest ecosystems to en-
vironmental fluctuations as well as to analyze their post-disturbance recovery. We 
did so by examining their physiological responses to environmental forcings 
across the 2024 summer growing season, particularly in how they regulate water 
loss while maintaining photosynthesis. The timing of this study and local clima-
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tology was such that the environment moved towards drier conditions as the sum-
mer progressed creating higher osmotic and atmospheric stress on the coastal veg-
etation.  

All plants must manage their water content to survive. Water in plants influ-
ences their structural support, transport of materials, growth, productivity, and 
repair [11] [12]. Low water content puts vegetation at risk of potentially fatal em-
bolisms which are obstructions in water flow caused by the buildup of air bubbles 
in the xylem [13] [14]. Trees manage water content in the root zone through water 
uptake and at the leaf level by controlling water loss to the atmosphere through 
their stomata. At the leaf level, closing stomata reduces water loss via transpiration 
at the expense of reducing atmospheric carbon uptake [15] [16]. Water regulation 
strategies vary by species and are influenced by xylem physiology, rooting habit, 
size, age, environment, disturbance history, and ecological conditions [17]-[19]. 
While most terrestrial plants are dependent on soil moisture for refilling their wa-
ter content after transpirational loss during the day [20], mangroves grow in soils 
that are often fully saturated. Salinity, rather than soil saturation, therefore, is the 
greater limiting factor to the mangroves’ ability to recover after water loss [18] 
[21]-[23].  

Many studies have been conducted analyzing mangrove water regulation in re-
sponse to salinity stress [18] [21]-[23]. However, few studies have been conducted 
analyzing plasticity in mangrove hydraulic traits in relation to a variety of ambient 
field conditions and disturbance histories. In this study, we focused on water reg-
ulation strategies of pre- and post-freeze black mangroves at the leaf level.  

1.3. Hypothesis 

Mangroves respond to changes in their environment by adapting their water reg-
ulation strategies at the leaf level by opening and closing stomata to maximize 
carbon uptake while attempting to minimize water lost to transpiration. We hy-
pothesize that as temperature and VPD increase, increasing the evaporative forc-
ing of the atmosphere, the transpiration, stomatal conductance, and assimilation 
rate will also decrease as the leaves close their stomata to prevent excessive water 
loss. We predict that leaf water potential will become more negative during these 
times corresponding to greater plant stress. We also predict that saplings (younger, 
established post-freeze) will have a higher WUE than juveniles (older, established 
pre-freeze) due to the saplings’ narrower xylem vessels [24] and lower salt toler-
ance [23] leading to lower water content. 

Several studies have shown differences in traits and physiological responses to 
the environment between age classes in different species of mangroves. Osland et 
al. (2015), for instance, found that after a freeze event in 2014 in Florida, adult A. 
germinans sustained less damage than juvenile mangroves, but seedlings re-
mained mostly undamaged [25]. Kodikara et al. (2017) found that after the 15th to 
20th week post-establishment, there is a shift toward higher optimal salinity for 
growth for five mangrove species, including two Avicennia species [23]. Cisnero 
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de la Cruz et al. (2021) observed a difference in xylem vessel size and density be-
tween adult and seedlings in the mangrove species Rhizophora mangle and found 
that leaf water potential was higher in saplings than in adults [24].  

1.4. Implications 

We conducted this study on the surviving population of A. germinans affected by 
winter storm Uri in 2021. The living trees we measured were young survivors of 
the freeze (juveniles) or post-freeze regenerations (saplings). This study therefore 
provides an understanding of the hydraulic trait plasticity of the surviving man-
grove population about three years post-disturbance as well as points to potential 
differences between trees that survived the freeze as saplings and those that were 
established after.  

Understanding how age class, especially the sapling stage, might affect hydrau-
lic strategies will also improve our understanding of their establishment capabili-
ties and ability of the population to recover after ecosystem disturbances. As man-
groves encroach into new wetland ecosystems, we can use this data to predict their 
success in competition with the resident dominant forb vegetation. Changes in 
wetland vegetation habitats could induce wildlife composition changes [26].  

Evapotranspiration also plays a significant role in atmospheric cooling by con-
verting incoming solar radiation to latent heat rather than sensible heat. Vegeta-
tion cover therefore greatly influences regional heat fluxes and energy balances 
[27] [28]. With mangroves covering about 147,000 km2 of the earth surface ac-
cording to the GMW v4.0 world map developed by the Global Mangrove Watch 
[29], understanding how these trees adapt their transpiration rates in response to 
environmental fluctuations will contribute to greater accuracy in modeling re-
gional climate and weather patterns in areas with large mangrove forest cover. 

While mangroves are continuing to expand their range into the temperate zone, 
mangrove ecosystems globally are facing considerable threats to their existence 
from natural disasters, climate change, coastal development, aquaculture, and 
over-exploitation among other threats [30] [31]. According to an assessment by 
the IUCN Red List of Ecosystems, 50% of mangrove ecosystems in the assessment 
were categorized as Vulnerable, Endangered, or Critically Endangered [32]. Man-
grove forests provide many ecosystem services including phytoremediation, which 
in some cases, protect more vulnerable habitats, such as coral reefs, from pollution 
damage [9] [33]. They also provide habitats and nurseries for marine and terres-
trial wildlife [34], act as large carbon sinks [35]-[37] and protect against coastal 
erosion and flooding [10] [38]. Understanding questions of mangrove hydraulic 
trait plasticity and resilience in the face of changing conditions will inform con-
servation efforts and priorities.  

2. Methods 
2.1. Data Collection 

We collected field measurements during monthly 2-to-3-day campaigns during 
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the summer of 2024. Measurements were conducted in May, July, September, and 
October. Our field site was located at Coyote Island (27.806 N, 97.09 W) near Port 
Aransas on the mainland facing side of Mustang Island, a barrier island along the 
south Texas coast. Port Aransas, Texas is within the northernmost part of the 
range of A. germinans.  

Our site was located at sea level where high tide flooding of the land occurred. 
Black mangroves (Avicennia germinans) lined the edge of the land-ocean inter-
face. We divided the mangrove zone at our site into three distinct sections about 
20 meters long (Figure 1). Within each section, we made transects from the be-
ginning of the vegetation line on the inland side to the end of the vegetation line 
on the ocean side using 1-meter quadrats. We counted the number of saplings and 
juveniles in each transect and calculated the ratio.  
 

 
Figure 1. Transect example from section 2 of field data collection showing one-meter quadrats from the begin-
ning of the vegetation line on the inland side (left) to the end of the vegetation line at the water (right). 

 
We defined post-freeze sapling as a tree under 65 cm with 3 or fewer main stems 

and with small and few branches. We defined pre-freeze juveniles as a tree over 
65 cm with more than 3 main stems and with extensive, long branching. This size-
based classification is used as a proxy for pre- or post-freeze status and carries the 
potential for misclassification (e.g., a fast-growing post-freeze tree being classified 
as a juvenile). We did not sample trees more than a meter tall as all adult trees in 
this location experienced mortality in the freeze in 2021.  

For each campaign, we took measurements during the following sampling pe-
riods throughout the day: pre-dawn (5:00 - 7:30 am), morning (7:30 - 11:00 am), 
midday (11:00 am - 1:30 pm), afternoon (1:30 - 5:00 pm), and evening (after 5:00 
pm). During each sampling period, we took measurements from 1 - 2 juvenile tree 
leaves and 1 - 2 sapling tree leaves from each section resulting in 3 - 4 leaf meas-
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urements per section per sampling period or 9 - 12 measurements per sampling 
period.  

For each leaf, we used a LI-6800 Portable Photosynthesis System [39] to meas-
ure transpiration rate (the rate at which water leaves the leaf), assimilation rate 
(photosynthetic rate), and stomatal conductance (the rate of gas exchange 
through the stomata). We ran system warmups on the instrument before use 
every day that measurements were taken. For all measurements, the environ-
ment setting was set to fan on 5000 rpm, flow at 600 μmol s−1, and humidity at 
50%. CO2 was set to the approximate ambient value of 420 ppm, and PAR was 
adjusted during each measurement session to match the ambient PAR condi-
tions. Infrared gas analyzers (IRGAs), used to measure CO2 and H2O fluxes, were 
matched before each measurement session. Generally, we removed a branchette 
from the tree around two inches from the petiole to take the measurement of 
the leaf. We made leaf gas exchange measurements for morning through even-
ing but excluded LI-6800 measurements during pre-dawn due to the lack of sun-
light to drive photosynthesis.  

Immediately after taking a LI-6800 measurement of any given leaf sample, we 
used a pressure chamber [40] to measure leaf water potential, expressed in units 
of pressure, megapascals (MPa), on the same sample before it had time to desic-
cate. Leaf water potential (LWP) serves as a proxy for plant stress. A more negative 
LWP signifies lower water availability in the leaves and greater plant stress. Leaf 
water availability directly impacts the turgor pressure exerted against plant cell 
walls which maintains the structure and rigidity of the plant [41]. We measured 
LWP from pre-dawn to evening. For each measurement, we recorded the exact 
time in which the final measurement was produced for both the gas flow using the 
LI-6800 system and the LWP using the pressure chamber.  

We took three soil cores from the top 10 cm of sediment at the root zone of the 
mangroves during each campaign and analyzed their pore water salinity. Using a 
chilled centrifuge [42], we separated the pore water from the soil and analyzed its 
salinity using an optical salinity refractometer [43]. 

Precipitation, temperature, vapor pressure deficit (VPD), and photosyntheti-
cally active radiation (PAR) data were taken from ERA5-land hourly from Google 
Earth Engine [44] and resampled to the minute to match the exact time of each 
leaf measurement.  

2.2. Analysis 

For each month, we found the average and standard deviation for each metric we 
measured (transpiration (E), assimilation (A), stomatal conductance (gsw), and 
leaf water potential (LWP)) for both sapling and juveniles. We tested for signifi-
cant differences in the data sets for each metric between age groups (using an in-
dependent type 3, 2 tailed t-test) and between months. For all monthly compari-
sons, equal variance and/or normality ANOVA assumptions were violated. There-
fore, we proceeded to analyze our monthly data with the non-parametric Kruskal-
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Wallis test followed by the Dune’s Test Pairwise Comparisons if a significant dif-
ference between months was identified. 

2.3. Water Use Efficiency 

Water use efficiency is the amount of carbon a plant can intake per unit of water 
lost. We calculated water use efficiency (WUE) using the following equation: 

WUE = A/(E * 1000) 

A = assimilation (µmol/m2/s) 

E = transpiration (mol/m2/s) 

WUE = water use efficiency (g of CO2/g of H2O) 

We calculated the WUE for each measurement. We compared WUE across age 
class for each month using independent t-tests. We calculated the mean and 
standard deviation of WUE across the months for each age class. Then using the 
aggregated data sets (combining juvenile and sapling data) we conducted Kruskal-
Wallis test paired with a Dune’s Test Pairwise Comparison to determine differ-
ences in WUE across the four months.  

2.4. Comparison to Environmental Data 

We determined the trends for change in temperature, precipitation, VPD, and 
PAR across the four months and compared them with the corresponding trends 
in E, A, gsw, LWP, and WUE.  

We conducted linear regressions between each of three environmental factors 
(temperature, VPD, PAR) and each of the four vegetation metrics (E, A, gsw, 
LWP). We calculated the p-value and R-squared value for each regression to de-
termine significant relationships as well as determine which environmental factor 
had the greatest influence on mangrove water regulation strategies. 

3. Results 

In total, we took 159 measurements: 40 in May, 31 in July, 39 in September, and 
49 in October. Variation in sample sizes between months are due to instrument 
failure or excluded observation errors. Data samples from all metrics (E, A, gsw, 
LWP) failed either the equal variance and/or normality assumption for the 
ANOVA test. Therefore, we proceeded to analyze differences using the Kruskal-
Wallis test and subsequently, the Dune’s Test Pairwise Comparison.  

Between juveniles and saplings, there was no significant difference in average 
LWP for May, July, or September. In October, there was a significant difference 
(p-value < 0.05) in average LWP during predawn but not during midday. Midday 
LWP values were on average lower (more negative) than those of predawn, signi-
fying lower water availability in the leaf as the day progressed in all months (Fig-
ure 2). 

For predawn LWP, the results of the Kruskal-Wallis test were an H-statistic of 
13.16 and a p-value < 0.005 signifying a significant difference between two or more 
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months. A Dune’s Test Pairwise Comparison showed that LWP predawn was sig-
nificantly lower in October than in the other three months (Figure 2, panel A).  

For midday LWP, the Kruskal-Wallis test produced an H-statistic of 23.78 and 
a p-value < 0.001 signifying a significant difference between two or more months. 
A Dune’s Test Pairwise Comparison showed that midday LWP was significantly 
lower in July than in the other three months (Figure 2, panel B). 
 

 
Figure 2. Comparison of predawn (A) and midday (B) leaf water potential (megapascals) across four months. Increasingly negative 
values signifies lower leaf water availability. Orange lines represent saplings, and the blue lines represent juveniles. The dot at each 
month represents mean values, and the error bars represent standard deviation for each month. The red star represents a significant 
difference between juvenile and sapling values in that month. 

 
There was no significant difference in midday transpiration rate between juve-

niles and saplings for all four months. May and July saw similar rates of midday 
transpiration around 0.002 mol m−2 s−1, while September saw a spike up to around 
0.007 mol m−2 s−1. October transpiration values returned to similar levels seen in 
May and July at 0.001 mol m−2 s−1 on average (Figure 3, panel A). 

For midday transpiration, the Kruskal-Wallis test produced an H-statistic of 
24.94 and a p-value < 0.001 signifying a significant difference between two or more 
months. A Dune’s Test Pairwise Comparison showed that midday transpiration 
was significantly higher in September than in the other three months. October 
midday transpiration was also significantly lower than May (Figure 3, panel A). 

There was a similar trend in stomatal conductance to transpiration across 
the four months with May, July, and October experiencing similar average sto-
matal conductance rates around 0.76 mol m−2 s−1 and a spike in September at 
an average of 0.28 mol m−2 s−1. As with transpiration, there was no significant 
difference in stomatal conductance between age classes for all four months 
(Figure 3, panel B). 

For midday stomatal conductance, the Kruskal-Wallis test produced an H-sta-
tistic of 27.81 and a p-value < 0.001 signifying a significant difference between two 
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or more months. A Dune’s Test Pairwise Comparison showed that midday sto-
matal conductance was significantly different between May and July, May and 
October, July and September, and September and October. Between May and Sep-
tember there is a near significant difference with a p-value of 0.067 (Figure 3, 
panel B).  

Assimilation rate, however, followed a slightly different trend than seen in both 
transpiration and stomatal conductance. Both juveniles and saplings experienced 
a spike in CO2 assimilation in September, but while sapling assimilation decreased 
again in October (though not to the degree of change seen in transpiration or sto-
matal conductance), juvenile assimilation remained at a similar rate as seen in 
September. Therefore, in October, juveniles had a significantly higher CO2 assim-
ilation rate around 16 µmol m−2 s−1 than saplings at 8 µmol m−2 s−1 while there was 
no significant difference between age classes in May, July, or September (Figure 
3, panel C). 
 

 
Figure 3. Comparison of midday transpiration (A), stomatal conductance (B), assimilation (C), and water use efficiency (D). Orange 
lines represent saplings, and the blue lines represent juveniles. The dot at each month represents mean values, and the error bars 
represent standard deviation for each month. The red asterisk represents a significant difference between juvenile and sapling values 
in that month. 
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For midday assimilation, the Kruskal-Wallis test produced an H-statistic of 
19.19 and a p-value < 0.001 signifying a significant difference between two or more 
months. A Dune’s Test Pairwise Comparison showed that midday assimilation 
was overall significantly higher in September and October than in May and July 
(Figure 3, panel C). 

We calculated water use efficiency (WUE) for all measurements. We found no 
significant difference in midday WUE between juveniles and saplings for all 
months. WUE remained stable at around 2.5 g of CO2/g of H2O for May, July, and 
September but spiked to an average of 17.8 g of CO2/g of H2O in October (Figure 
3, panel D).  

For midday WUE, the Kruskal-Wallis test produced an H-statistic of 21.26 and 
a p-value < 0.001 signifying a significant difference between two or more months. 
A Dune’s Test Pairwise Comparison showed that midday WUE was significantly 
higher in October than in the other three months (Figure 3, panel D). 

The raw hourly temperature, VPD, and PAR data from ERA5 failed all assump-
tions of equal variance and normality.  

The Kruskal-Wallis test for temperature in May, July, September, and October 
yielded an H-statistic of 1280.69 and a p-value < 0.001, indicating a highly signif-
icant difference in temperature between two or more months. The Dunn’s Test 
Pairwise Comparison showed temperature varied significantly between all four 
months. A comparison of the mean temperature for each month showed the high-
est temperature in July and the lowest in October (Figure 4). The average, maxi-
mum, and minimum temperature for each month is shown in Table 1.   
 

 
Figure 4. Meteorological data (precipitation, temperature, VPD) for four months in the 
summer of 2024 extracted from ERA5 land hourly from google earth engine and averaged 
for each month with error bars for standard deviation. Average salinity values are from 
pore water samples taken the days when leaf measurements were conducted. 
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Table 1. Maximum, minimum, and mean values for precipitation, temperature, VPD, PAR, 
and salinity for May, July, September, and October of 2024. Panel (A) details the environ-
mental data from all the days of each month while panel (B) only pulls the environmental 
data from the two to three days we took field measurements each month. 

(A) Full Month Environmental Data 
  May July September October 

Precipitation (mm) 

mean 0.07 0.25 0.12 0.04 

max 6.21 6.47 3.82 2.74 

min 0 0 0 0 

Temperature (C) 

mean 27.28 28.43 27.57 25.75 

max 31.69 32.51 31.75 30.91 

min 22.57 24.66 23 20.64 

VPD (kPa) 

mean 0.56 0.74 0.75 0.89 

max 2.25 1.97 2.42 2.61 

min 0.05 0.15 0.14 0.04 

PAR (µmol m−2s−1) 

mean 475.16 114.68 368.96 350.33 

max 2066.58 517.53 1585.87 1516.9 

min 0 0 0 0 

(B) Measurement Period Environmental Data 
  May July September October 

Precipitation (mm) 

mean 0.08 0.01 0.1 0 

max 0.22 0.04 0.31 0 

min 0 0 0 0 

Temperature (C) 

mean 26.98 30.44 29.18 24.94 

max 27.84 31.31 30.47 27.38 

min 25.08 27.91 27.29 20.95 

VPD (kPa) 

mean 0.58 1.2 0.9 1.45 

max 0.85 1.48 1.22 1.84 

min 0.23 0.56 0.39 0.85 

PAR (µmol m−2s−1) 

mean 934.97 no data 793.66 564.09 

max 1779.46 no data 1425.17 968.46 

min 190.73 no data 0 0 

Salinity (ppt) 

mean 37 44.33 40.67 40 

max 40 45 42 42 

min 35 44 38 38 

 
The Kruskal-Wallis test for VPD yielded an H-statistic of 432.08 and a p-value 

< 0.001 indicating a significant difference in VPD between two or more months. 
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The Dunn’s Test Pairwise Comparison showed VPD varied significantly between 
all four months except between July and September. VPD increased gradually 
from the lowest in May to the highest in October (Figure 4). The average, maxi-
mum, and minimum VPD for each month are shown in Table 1.  

The Kruskal-Wallis test for PAR yielded an H-statistic of 81.82 and a p-value < 
0.001 indicating a significant difference in PAR between two or more months. The 
Dunn’s Test Pairwise Comparison showed PAR varied significantly between May 
and September and May and October. The average, maximum, and minimum 
PAR value for each month is shown in Table 1. 
 

 

 
Figure 5. Vapor pressure deficit (VPD) was extracted from ERA5 land hourly from google earth engine and resampled to minutes. 
VPD values were paired with leaf measurements by time. Scatterplots depict VPD against transpiration (A), stomatal conductance 
(B), assimilation (C), and leaf water potential (D). The red line is the regression line indicating a significant relationship where the 
p-value is less than 0.05. The R-squared value, p-value, and trend line equation are represented in the red box at the top right corner 
of each graph. Blue dots represent July, orange represents May, green represents October, and red represents September. 

 
According to the linear regression analysis between VPD and transpiration, 
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VPD explained about 20 percent of the variation in transpiration rate with a p-
value < 0.001. There was a significant negative trend (y = −0.002x + 0.006) be-
tween VPD and transpiration (Figure 5, panel A). 

VPD explained about 31 percent of the variation in stomatal conductance with 
a p-value < 0.001. There was a significant negative trend (y = −0.314x + 0.510) 
between VPD and stomatal conductance. May experienced the greatest variation 
in stomatal conductance while in all other months stomatal conductance re-
mained relatively consistent (Figure 5, panel B). 
  

 

 
Figure 6. Temperature in Celsius was extracted from ERA5 land hourly from Google earth engine and resampled to minutes. Tem-
perature values were paired with leaf measurements by time. Scatterplots depict temperature against transpiration (A), stomatal 
conductance (B), assimilation (C), and leaf water potential (D). The red line is the regression line indicating a significant relationship 
where the p-value is less than 0.05. The R-squared value, p-value, and trend line equation are represented in the box at the top right 
corner of each graph. Blue dots represent July, orange represents May, green represents October, and red represents September. 

 
VPD explained about 12 percent of the variation in assimilation rate with a p-

value < 0.001. There was a significant positive trend (y = 4.327x + 3.992) between 
VPD and assimilation rate (Figure 5, panel C). 

https://doi.org/10.4236/nr.2025.1611017


C. Guo et al. 
 

 

DOI: 10.4236/nr.2025.1611017 348 Natural Resources 
 

VPD explained about 22 percent of the variation in LWP with a p-value < 0.001. 
There was a significant negative trend (y = −1.826x − 2.338) between VPD and 
LWP (Figure 5, panel D). 

According to the linear regression analysis between temperature and transpira-
tion, temperature explained about 2 percent of the variation in transpiration rate 
with a p-value of 0.17 signifying no significant trend between temperature and 
transpiration (Figure 6, panel A). 

Temperature explained about 15 percent of the variation in stomatal conduct-
ance with a p-value < 0.001. There was a significant negative trend (y = −0.051x + 
1.643) between temperature and stomatal conductance (Figure 6, panel B). 
 

 

 
Figure 7. Photosynthetically active radiation (PAR) was extracted from ERA5 land hourly from Google earth engine and resampled 
to minutes. PAR values were paired with leaf measurements by time. Scatterplots depict PAR against transpiration (A), stomatal 
conductance (B), assimilation (C), and leaf water potential (D). The red line is the regression line indicating a significant relationship 
where the p-value is less than 0.05. The R-squared value, p-value, and trend line equation are represented in the box at the top right 
corner of each graph. 

 
Temperature only explained about 0.05 of the variation in assimilation with a 
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slightly significant p-value of 0.02 and a positive trend (y = 0.666x – 10.706) (Fig-
ure 6, panel C).  

Temperature explained about 21 percent of the variation in LWP with a p-value 
< 0.001. There was a significant negative trend (y = −0.418x + 7.810) between 
temperature and LWP (Figure 6, panel D). 

According to the linear regression analysis for PAR, PAR did not explain any 
of the variation in transpiration, stomatal conductance, or LWP (Figure 7, panel 
A, B, D). 

PAR explained only 10 percent of the variation in assimilation rate. With a p-
value < 0.01, there was a significant positive trend (y = 0.003x + 5.928) between 
PAR and assimilation rate (Figure 7, panel C). 

4. Discussion 

We attempted to understand how different age classes of Avicennia germinans 
adapt their hydraulic strategies to maintain efficient photosynthesis under envi-
ronmental fluctuations. Over the measurement period, atmospheric VPD in-
creased corresponding to decreasing precipitation and high temperatures (Figure 
4; Table 1). Therefore, the atmosphere exerted an increasingly negative water po-
tential that tended to pull water out of the leaves through the stomatal openings. 
By measuring transpiration, assimilation, and stomatal conductance, we observed 
how the trees regulated their photosynthetic inputs in response to these increas-
ingly stressful conditions.  

4.1. Age Class Differences 

We found that pre-freeze juveniles and post-freeze saplings did not significantly 
differ in most of their hydraulic responses to environmental changes. The excep-
tions were in October where juveniles experienced significantly more negative 
predawn LWP than saplings and where juveniles had significantly higher midday 
assimilation rates than saplings. Predawn water availability is primarily limited by 
salinity for mangroves. Therefore, this result is surprising as studies have shown 
younger trees to be more sensitive to salinity than older trees [22]. A possible ex-
planation for this could be different rooting depths and variation of salt build-up 
at different soil depths [45] [46]. 

Juvenile and sapling A. germinans did not exhibit significant differences in sto-
matal conductance, transpiration or WUE. We expected saplings to have a higher 
WUE than juveniles because saplings have narrower xylem vessels [24] and lower 
salt tolerance [23] leading to lower water content. We expected this difficulty in 
water uptake would translate to strategies that would promote water retention 
against transpiration. Simultaneously, photosynthesis is especially important for 
the early growth and development of young mangroves [47]. Therefore, a high 
WUE is more essential for saplings than for juveniles. Instead, we observed con-
sistent WUE across age classes and disturbance histories as well as similar in-
creases in WUE in response to the higher VPD conditions in October (Figure 3, 
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panel D).  
Overall, the consistency between juvenile and sapling A. germinans in their hy-

draulic strategies across variable environmental conditions, mostly clearly seen in 
their WUE, demonstrates consistent resilience across certain age classes and dis-
turbance histories. High resilience is observed in young mangroves overall (juve-
niles and saplings) in their ability to adapt their hydraulic strategies to higher VPD 
conditions, particularly that they are able to increase their carbon assimilation 
without experiencing runaway water loss to the atmosphere (Figure 5).  

The two age classes also reflected the pre-freeze and post-freeze A. germinans 
populations, and the consistency in WUE between the two groups shows evidence 
of physiological recovery or the lack of lingering freeze damage in the pre-freeze 
trees. This finding is supported by Osland et al., (2015) who observed that saplings 
sustained the least freeze damage of all other age classes [25]. This helps explain 
the presence of healthy juveniles trees who were likely saplings during winter 
storm Uri in 2021.  

An alternative explanation for the non-significant differences between sapling 
and juvenile hydraulic strategies is the relatively small difference in maximum 
height used to define each age class (65 cm for saplings and 100 cm for juveniles). 
While juveniles were not defined as having a maximum height of one meter, the 
extensively branched juvenile trees found at our field site did not exceed about 
one meter in height. Equipment constraints also limited us from measuring leaves 
from smaller saplings (particularly the gasket size of the pressure chamber seal). 
Future studies on the differences in age class hydraulic strategies should be con-
ducted at a site with greater range in tree heights with a greater difference in max-
imum height for each age group. Future studies should also include adult man-
groves (> 5 years old) to produce a more comprehensive understanding of age 
class differences in hydraulic strategies of A. germinans.  

Our sample size is also a limitation as out of 9 - 12 samples per time of day, 
about 1/3 of our samples were identified as saplings and 2/3 were identified as 
juveniles.  

The usage of height as a proxy for age is an assumption that is limited by varying 
growth rates of individual trees.  

4.2. Hydraulic Trait Fluctuations  

We saw a number of fluctuations in LWP, transpiration, carbon assimilation, and 
stomatal conductance over the course of the 2024 growing season.  

Midday LWP was consistently more negative than predawn LWP, aligned with 
the expectation that plant stress increases as the day progresses.  

We observed that hydraulic trait fluctuations, especially where we saw dramatic 
dips or spikes, corresponded more closely to the environmental conditions near 
the time we conducted leaf measurements rather than the monthly averages when 
the trend between monthly averages differed from that of the measurement period 
conditions (Table 1).  
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For example, the spike in transpiration and stomatal conductance in September 
corresponded with relatively higher precipitation (up to 0.31 mm) during the time 
immediately surrounding the September measurement period, even though the 
average monthly precipitation was lower than that of July (Figure 3; Table 1). We 
hypothesize that this peak is related to an increase in freshwater availability and 
humidity around the time the measurements were taken but is not necessarily re-
flected in the coarse resolution meteorological data. 

Similarly, we observed a dramatic dip in midday LWP in July where precipita-
tion was the second lowest (0.01 mm) and VPD was the second highest (1.20 kPa) 
of the four months behind October. July also had the highest temperature and the 
highest pore water salinity monthly average and during the measurement period. 
These compounding stresses are likely the reason that July experienced a dramatic 
dip in LWP (Figure 2) and stomatal conductance (Figure 3) but not October [48]. 

Notably, we observed consistent WUE across May, July, and September, but 
significantly higher WUE in October. This increase in WUE corresponded with 
the low transpiration rate and stomatal conductance and the higher CO2 assimi-
lation rate in October (Figure 3). LWP was on average more negative in October 
(Figure 2), which shows that although photosynthetic productivity did not wane 
with increasing VPD (Figure 5), the mangroves still experienced increasing water 
stress at the leaf level.  

Ulatowski and Matheny (2025) observed that A. germinans moved from low 
(>2 kPa) to high (3 - 5 kPa) VPD conditions in a climate and salinity-controlled 
greenhouse experiment increased their WUE in the initial two days of exposure. 
After two days, prolonged exposure to high VPD caused declines in WUE with 
greater stomatal closure and decreased assimilation [48]. Similarly, under low but 
steadily increasing VPD in our field site, we observed increases in WUE and as-
similation.   

Our data supports the conclusions made by Reef and Lovelock (2015) and Ula-
towski and Matheny (2025) that mangroves hydraulic traits are inherently plastic, 
moving from anisohydric behaviors to more isohydric to promote water conser-
vation during periods of environmental stress [18] [48].  

4.3. Environmental Influence 

Of the environmental factors analyzed against hydraulic trait measurements (tem-
perature, VPD, PAR), regression analyses showed that VPD had a stronger rela-
tionship with all of the measured traits than did temperature or PAR (Figures 5-
7). Mangrove species are especially sensitive to changes in VPD and are known to 
adjust their stomatal openness to protect against water loss via evapotranspiration 
[18] [48]-[51].  

As VPD increased at our field site, transpiration and stomatal conductance in 
the mangroves also decreased, indicating a closing of the stomata to reduce water 
loss. However, LWP continued to become more negative despite decreasing tran-
spiration. LWP is a measure of the tension holding water inside the leaf with less 
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water availability resulting in increasing tension within the vessels. One would 
expect that with less water escaping via transpiration, leaf water availability would 
increase, resulting in a higher (less negative) LWP. Our results, however, run con-
trary to this assumption demonstrating that stomatal closure alone does not sig-
nificantly alleviate highly negative LWP on short time scales (predawn to midday).  

The VPD values we observed at our field site (0.23 - 1.84 kPa during measure-
ment days (Table 1, panel B)) were lower than the threshold where VPD begins 
to affect mangrove productivity (2.50 - 2.95 kPa) according to Gou et al. (2024) 
[52]. Under these low VPD conditions, assimilation increased with VPD despite 
declining stomatal conductance, leading to the increase in WUE in October, the 
highest VPD month (Figure 3, Table 1). Even though the mangroves were not 
under high atmospheric stress, we still observed a stress response with the decline 
in stomatal conductance. As Ulatowski and Matheny (2025) showed, WUE would 
likely begin to decrease after exceeding the 2.50 - 2.95 kPa VPD threshold for a 
sustained period of time [48].  

A number of studies have also observed the strong relationship between VPD 
and stomatal closure in general vegetation and in mangroves specifically [48]-
[51]. A reanalysis of the data in Clough and Sim (1989) by Reef & Lovelock (2015) 
showed also that increasing sensitivity to VPD is positively correlated with higher 
stomatal conductance at low VPD. They also found that VPD sensitivity is higher 
in more salt tolerant species such as mangroves of the genus Avicennia [18] [21] 
[50] [53].  

Another environmental factor that could have contributed to the increase in 
WUE in October is the decrease in temperature. The optimal air temperature for 
photosynthetic activity is 28˚C with photosynthesis being restricted when the air 
temperature falls below 10˚C or exceeds 35˚C [54]. The range of temperature at 
our site was 20.95˚C - 31.31˚C, reaching the highest in July at a range of 27.91˚C 
- 31.31˚C during the measurement period. Air temperatures steadily fell to a range 
of 20.95˚C - 27.38˚C during the measurement period in October, lowering tem-
perature stress on the mangroves which may have promoted greater photosyn-
thetic activity. 

We also observed a moderately significant positive association between PAR 
and assimilation. While there was high variability in the values for PAR, it is likely 
that increasing PAR promoted higher assimilation rates as light availability drives 
photosynthesis. 

The sample size of salinity data was not large enough to conduct any meaning-
ful trend analysis but can be used to contextualize the root zone stress the plants 
were under at the time of measurement. Salinities greater than 40 ppt like those 
we observed (Table 1, panel B) can cause significant plant stress and stomatal 
closure [48] [55]. Because the mangroves at our field site were under moderate to 
high osmotic stress (35 - 45 ppt), it is likely that salinity compounded with VPD 
to induce the observed mangrove stress responses [48].  

High VPD can lead to xylem cavitation, water stress, and reduced productivity 
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which in turn leads to reduction of growth in mangroves [50] [54]. Therefore, the 
ability of mangroves, especially in young, developing saplings, to maintain a high 
water-use efficiency as VPD increases is important for their survival, growth, and 
establishment. We see that even under low atmospheric stress, black mangroves 
will still close their stomata to reduce water loss but will simultaneously optimize 
photosynthesis through increasing assimilation. 

4.4. Future Improvements 

We conducted leaf-level measurements on a range of old and new growth man-
grove leaves. Leaf age has been shown to influence mesophyll conductance and 
carbon assimilation [56]. Therefore, future studies using leaf measurements should 
strive to consistently measure leaves of similar maturity.  

The short time frame of only four months across the summer growing season 
means that conclusions we can draw regarding water regulation plasticity across 
different environmental conditions are inherently limited to summer tempera-
tures, PAR, and VPD. A clearer picture of hydraulic plasticity could be seen under 
higher variability in environmental conditions over the course of an entire year, 
encompassing all the seasonal variations in the temperate zone. 

Better understanding of the relationship between PAR and hydraulic traits 
could be gained from using diffuse fraction of PAR instead of direct PAR [57]. 

5. Conclusions 

Juvenile and sapling mangroves did not differ significantly in the majority of their 
water regulation and gas exchange strategies. Although we found that juveniles 
exhibited higher assimilation rates during the highest VPD month (October), they 
were still consistent with saplings in their WUE across all VPD conditions ob-
served. We saw the highest WUE and greatest plant stress (LWP) during the high-
est VPD conditions. Hydraulic plasticity and high WUE, especially in the younger 
age class, may be an essential adaptation to continue to survive, expand, and es-
tablish in an increasingly changing climate where potential drought will bring 
prolonged atmospheric and osmotic stress. Overall, WUE was consistent between 
the pre- (sapling) and post-freeze (juvenile) age classes suggesting a lack of linger-
ing freeze damage and the potential for population recovery after disturbance. 

We found that VPD had a greater effect on transpiration, stomatal conduct-
ance, assimilation, and LWP, than temperature or PAR. We observed that under 
low VPD conditions (> 2 kPa), transpiration and stomatal conductance decreased 
while CO2 assimilation increased with increasing VPD. This is in line with the 
study by Ulatowski and Matheny (2025) that showed that A. germinans increase 
their WUE under short term VPD stress [48].  

We conclude that A. germinans are resilient to some seasonal shifts in temper-
ature and VPD by adjusting their hydraulic strategies on monthly time scales. We 
also conclude that the A. germinans are resilient to extreme freezing events by 
recovering a healthy, hydraulically plastic population through surviving saplings. 
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With predictions of increasing drought brought on by climate change [58] [59], 
survival of mangrove forests will depend on this ability to adapt to stressful envi-
ronmental conditions. As mangrove populations push their ranges further into 
the temperate zones, their plasticity in water regulation will be tested by seasonal 
changes in environmental conditions. Understanding the hydraulic strategies of 
these vulnerable yet resilient trees will help us to prepare for foreseeable threats to 
their existence by climate change or human activity.  
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